Electrical characteristics of cadmium doped InAs grown by metalorganic vapor phase epitaxy J. Appl. Phys. 111, 023707 (2012) Effect of built-in electric field on the temperature dependence of transition energy for InP/GaAs type-II superlattices J. Appl. Phys. 110, 123523 (2011) Electron tunneling through atomically flat and ultrathin hexagonal boron nitride Appl. Phys. Lett. 99, 243114 (2011) Microwave power generation by magnetic superlattices Appl. Phys. Lett. 99, 242107 (2011) Doping profile of InP nanowires directly imaged by photoemission electron microscopy Appl. Phys. Lett. 99, 233113 (2011) Additional information on J. Appl. Phys. Polycrystalline ͑Ga,As͒ grown by molecular-beam epitaxy ͑MBE͒ is compared to polycrystalline ͑Ga,As͒ formed by annealing amorphous ͑Ga,As͒ also grown by MBE. Both amorphous and polycrystalline materials were grown at 100°C and crystallinity is controlled by the As overpressure. As the amorphous material was annealed at varying temperatures from 300 to 500°C several properties of the material changed such as levels of excess As in the material, grain structure of annealed material, strength and adhesion of crystallized layer, and conductivity of the material. After annealing at temperatures around 400°C, the material is specular, polycrystalline, has good adhesion, and is very conductive. Resistivity values of less than 2 m⍀ cm and acceptor concentrations near 5ϫ10 20 cm Ϫ3 were detected according to Hall/van der Pauw measurements. Conduction is believed to be due to the large amount of excess As in the material forming an As conduction path when the material is annealed. Material grown in a polycrystalline form by MBE differs in both grain structure and conductivity from material crystallized from an amorphous form.
I. INTRODUCTION
Conductive polycrystalline Si is a useful material for many processing applications. It has been used as a gate metal for Si-based metal-oxide-semiconductor field-effect transistors and as a layer adding process diversity in microelectromechanical systems applications. In the work presented here, amorphous and polycrystalline GaAs is studied with the goal of developing a low-temperature conducting GaAs layer that is substrate independent. Much research has been performed studying amorphous GaAs ͓␣-͑Ga,As͔͒.
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In addition, many groups have demonstrated changes in crystallinity of this material upon annealing. [11] [12] [13] [14] However, most of this research is centered on high-temperature ͑Ͼ600°C͒ annealing of ␣-͑Ga,As͒ to single crystal form. Little attention has been given to the annealing of ␣-͑Ga,As͒ to polycrystalline form. Yang et al. 15 performed a very thorough study of the electrical properties of GaAs grown in a polycrystalline form. They reported experimentally and theoretically how conductivity is limited by the presence of grain boundaries in both Zn-and Se-doped materials. In comparison, a wide range of research has been performed studying polycrystalline and amorphous Si, however the presence of two elements and the factor of stoichiometry make the study of GaAs much more difficult.
Tadayon et al. [12] [13] [14] have reported in detail the growth and crystallization of ␣-͑Ga,As͒ over a series of publications. ␣-͑Ga,As͒ was achieved with growth temperatures of less than 215°C. They indicated the material had a gold tint under white light. They annealed the amorphous material at temperatures ranging from 550 to 850°C. Annealing at 550°C resulted in polycrystalline material whereas anneals of 775°C and 850°C gave single crystal material. This single crystal material was found to be doped highly (10 18 cm Ϫ3 ), n type even though there was no intentional doping. The doping was attributed to As Ga antisite donors. Stoichiometry of the as-grown and annealed material was not reported.
Several groups have also studied material described as low temperature or low-temperature grown GaAs. 16 -18 The material is single crystal and grown by molecular-beam epitaxy ͑MBE͒ at temperatures between about 200 and 300°C. Under these growth conditions, a small amount of excess As of about 1 or 2 at. % is present. With growth temperatures of about 200°C, this material has a large amount of As Ga antisite doping (5ϫ10 18 cm
Ϫ3
) and a lattice constant enlarged 0.1%. When annealed at temperatures near 600°C, rhombohedral As clusters form and lattice enlargement and antisite defects are no longer present. The material is also found to be highly resistive in this case. 16 Some attribute the high resistance to Schottky barriers formed between the As crystallites and surrounding GaAs depleting that material. 17 In the work presented here, MBE-grown polycrystalline ͑Ga,As͒ and the annealing of MBE-grown ␣-͑Ga,As͒ to polycrystalline form are examined. Samples are first grown in either amorphous or polycrystalline form. Then, amorphous samples are annealed at temperatures ranging from 300 to 500°C in order to form polycrystalline-͑Ga,As͒, and differences in these crystals are investigated.
II. EXPERIMENTS
The amorphous and polycrystalline ͑Ga,As͒ materials were grown by solid-source MBE on semi-insulating ͑100͒ GaAs substrates. The GaAs substrates were epiready and there was no additional surface cleaning before loading into the growth chamber. In the MBE chamber, the substrate was desorbed at ϳ600°C to remove the surface oxide before a 1000 Å GaAs buffer layer was grown to planarize the surface. After growing the buffer layer, the sample was moved to the transfer chamber to cool under a pressure Յ10 Ϫ9 Torr. After a finite time ͑Ͼ1 h͒, the sample was transferred back to the growth chamber for the growth of low-temperature material at 100°C. For low-temperature materials, the equivalent group-III atom flux was calibrated by reflection highenergy electron diffraction ͑RHEED͒ intensity oscillation at normal ͑ϳ600°C͒ growth temperatures and was fixed at an equivalent growth rate of 0.5 monolayer/s. The amorphous material growth was characterized by a featureless RHEED pattern, while a faint ring structure was seen in the RHEED pattern of the polycrystalline material growth.
For low-temperature grown materials, the microstructures and V/III incorporation ration within the materials can be changed by adjusting the group-V flux against a fixed group-III growth rate. 8, 19 The microstructure of lowtemperature GaAs is dependent on the As flux with amorphous material forming at higher flux levels and polycrystalline material forming at lower flux levels. In this study, ␣-͑Ga,As͒ of various thicknesses and 1 m polycrystallineGaAs were grown at 100°C on semi-insulating GaAs substrates with As overpressures of 1ϫ10 Ϫ6 and 3.3ϫ10
Ϫ7
Torr, respectively. Amorphous samples were annealed in a custom-built annealing chamber modeled in Fig. 1 . The system is capable of being pumped down to the single digit mTorr range. N 2 and H 2 can be flowed into the system through a micrometer valve. By adjustment of the micrometer valve, a pump/purge continuum can be used to establish either a N 2 or H 2 ambient stabilized at any pressure between 100 mTorr and atmosphere. In addition, N 2 can be flowed through the system to exhaust. Samples are heated with a graphite heater powered by a standard power supply. The temperature is measured with a thermocouple in contact with the heating element controlled by a Eurotherm temperature controller. The temperature controller also controls the power supply so that temperature cycles can be programmed.
Examination of the samples included x-ray diffraction measurements, scanning electron microscopy ͑SEM͒ analysis with energy dispersive x-ray spectroscopy ͑EDX͒, Hall/ van der Pauw measurement, transmission electron microscopy ͑TEM͒, and Nomarski microscopy. X-ray diffraction in 2-theta/omega mode was used to determine if samples were polycrystalline by the presence of multiple peaks as the x-ray incident angle is adjusted. Samples were measured over a range of 2-theta from 15°to 95°, which includes peaks of several GaAs diffractions. This range also includes a majority of peaks present from crystalline As so it is effective in measuring the presence of both materials. Relative compositions of As and Ga levels in samples under SEM could be measured with EDX. The volume of material covered in the EDX measurement is estimated to be 1 m 3 . Samples grown in a polycrystalline form were examined ''as-grown'' and will be referred to in this work as ''as-grown polycrystalline.'' Amorphous samples were annealed for various times up to 2 h at temperatures ranging from 300 to 500°C. Ramp up rates were 10°C/min up to 300°C and 20°C/min thereafter. The ramp down rate was 8°C/min. These ramp rates were arbitrarily chosen to decrease thermal shock to both the samples and the system. All anneals were done in an atmospheric N 2 ambient by first pumping the system down to 100 mTorr, and then purging the chamber with N 2 to an atmospheric pressure before closing off the system to any further gas flow. Once this ambient was established, the temperature cycle was initiated.
III. RESULTS
An initial experiment was performed in which samples containing an epilayer of 1 m ␣-͑Ga,As͒ were each annealed at a temperature from 300 to 500°C in 50°C increments for a period of 2 h. All samples were first tested with x-ray diffractometry to measure crystallinity. The as-grown polycrystalline sample had multiple GaAs peaks diffracted within the range tested. In contrast, a sample containing only an amorphous grown layer displayed only substrate peaks under x-ray diffraction. However, when this sample was annealed at 300°C, multiple peaks were again observed. The x-ray diffraction of this sample can be seen as Fig. 2͑a͒ . Although the intensities of different diffractions were somewhat weak, it is still indicative that the film had become at least partly polycrystalline.
Other pieces of the as-grown amorphous sample were annealed at temperatures up to 500°C. Samples annealed from 300 to 400°C maintained a mostly mirror finish. Normarski micrographs of the samples annealed at 350 and 400°C had certain dark spots usually on the order of a few micrometers in diameter. These spots took up a small percentage of the sample and will be discussed in more detail later in this section. The two samples annealed at 450 and 500°C were very different. The surface appeared to be very dark and the film was clearly weak. The layer detached from the substrate very easily. Tape is used to mount samples for FIG. 1. Chamber used for annealing of ␣-͑Ga,As͒ to a polycrystalline form. For these experiments, the chamber was first pumped to 100 mTorr, then filled with N 2 to an atmospheric pressure, and finally closed off to any further gas flow before the start of the temperature cycle.
x-ray measurement and the epilayer of these last two samples clearly peeled off with the tape.
The sample annealed at 350°C appeared very similar according to x-ray diffraction to that annealed at 300°C despite the presence of a few discolored spots. However, the sample annealed at 400°C was greatly different. X-ray diffraction of this sample had shown more noticeable GaAs peaks of higher intensity as seen in Fig. 2͑b͒ . Also present were many As peaks indicating that As was segregated and formed individual rhombohedral As crystallites. The samples annealed at 450 and 500°C were again very similar. The x-ray diffraction for the 500°C anneal is shown as Fig. 2͑c͒ . Most of the GaAs crystal peaks present in Fig. 2͑b͒ became hardly noticeable and the As crystal peaks are almost completely gone. This loss of intensity may be due to As loss from the material before GaAs grains form. The location of all peaks are taken from the International Centre for Diffraction Data. 20 Samples were examined using SEM and EDX to investigate the surface of the samples and get relative compositions of Ga and As. As-grown polycrystalline material contained a slight amount of excess As, less than 2%. As-grown amorphous samples however, had a large amount of excess As. The amorphous layer appeared in the EDX to have a Ga 0.32 As 0.68 composition. Samples annealed at temperatures from 300 to 400°C seemed to maintain this level of composition. However, when the sample was annealed at 450°C, the amount of excess As began to drop. When annealed at 450°C, the material became almost perfectly stoichiometric and when annealed at 500°C, the level of As had dropped so much that the layer became approximately Ga 0.7 As 0.3 . Note that the epilayer of these two samples was extremely weak after the anneal indicating that the lowering of As also lowers the structural integrity of the layer.
Hall/van der Pauw measurements were performed on all samples listed. For these measurements, samples were cleaved to approximately 0.5 cm 2 . Ohmic contacts were formed by soldering In-based contacts to the four corners. The as-grown polycrystalline material had a resistivity of 43.9 ⍀ cm. The as-grown amorphous material and amorphous material annealed at 300°C for 2 h were too resistive for an effective measurement to be taken. The amorphous sample annealed at 350°C had a resistivity of 0.494 ⍀ cm. Samples annealed at 450 and 500°C were too cracked and damaged and no conduction could be measured. When annealed at 400°C, samples were found to be extremely conductive. Resistivities were found to be less than 2 m⍀ cm and doping was p type at a level of ϳ4.7ϫ10 20 cm Ϫ3 . A model for the extremely high conductance of this material will be discussed in the next section.
The size and structure of the polycrystalline grains were examined by TEM. The as-grown polycrystalline grains were long and columnar as seen in Fig. 3͑a͒ . This type of grain structure is common in undoped, as-grown polycrystalline Si. 21 When as-grown ␣-͑Ga,As͒ samples are annealed, spherical crystal grains form uniformly throughout the layer. After annealing at 300°C, small grains are scattered throughout the amorphous material. As the annealing temperature is increased, density and grain size increase as well. After a 400°C anneal, grains are mostly close packed within the originally amorphous layer and grain sizes are roughly 300 to 400 Å in diameter. A TEM image of an as-grown FIG. 2. X-ray diffraction spectra of ␣-͑Ga,As͒ annealed at ͑a͒ 300, ͑b͒ 400, and ͑c͒ 500°C for 2 h. Diffraction peaks of many different GaAs and As crystal planes are seen. The two largest peaks are from the underlying ͑100͒ GaAs substrate.
amorphous sample annealed at 400°C is shown in Fig. 3͑b͒ . The grains are generally spherical and uniform. Samples annealed at 450 and 500°C were too weak to withstand preparation for TEM measurement.
Results of the experiments just described are summarized in Table I . As-grown polycrystalline-͑Ga,As͒ was near stoichiometric, consisted on only columnar GaAs grains, and was resistive. Annealed ␣-͑Ga,As͒ had different properties. Samples annealed from 300 to 400°C maintained the same level of excess As as was seen in the unannealed sample. However, the sample annealed at 400°C contained both As grains as well as GaAs grains as seen under x-ray diffractometry. This indicates that excess As probably maintained an amorphous form when annealed at temperatures up to 350°C but began forming into crystalline grains at higher temperatures. When annealed at 450 and 500°C, the amount of As in the sample decreased with temperature through sublimation. As a result, the material is left weak and cracked with poor adhesion. This may be attributed to a large change in volume when As diffuses out of the sample.
Once it was established that annealing at 400°C resulted in a highly conductive material, further experiments were carried out to examine the necessary duration of annealing to establish these properties in the material. A series of samples identical to those in the experiment herein were individually annealed for various times of 0, 15, 30, 60, and 120 min at 400°C. The sample annealed for 0 min was simply ramped up to 400°C and immediately ramped down. The results of this experiment are shown in Fig. 4 . The resistivity drops by approximately one-half as the annealing duration is increased for up to 2 h. However, the material is still extremely conductive for all durations tested.
With this data in mind, experiments were then performed to anneal ␣-͑Ga,As͒ at temperatures from 350 to 450°C in increments of 12.5°C for short durations of 15 min. Figure 5 gives the resistivity of these materials with respect to temperature. It can be seen that the material is fairly resistive after low-temperature anneals but becomes more conductive as the annealing temperature is raised. At an annealing temperature of about 375°C, the resistivity begins to saturate and minimal further improvement in resistivity is seen at temperatures of 387.5°C and above. When annealed at 450°C, the material slowly begins to become more resistive again. An EDX measurement of this sample indicates that the As level drops by about 5%. However, this sample has not yet lost its structural integrity and is still specular. These data in addition to that seen at the same temperature for a 2 h anneal indicate that at sufficiently high temperatures, more As will leave the material with time. This experiment of short anneals was repeated for samples with ␣-͑Ga,As͒ thicknesses of 2000 Å and 6000 Å as well and the results are included in Fig. 5 . All three materials approach a saturation value for the resistivity at ϳ400°C and maintain an essentially constant value despite higher-temperature anneals. However, these materials appeared to be more sensitive to temperature than the 1 m thick material. The 6000 Å material became discolored and semi-insulating when annealed at 450°C and the 2000 Å material had the same result of discoloring and high resistivity at lower anneal temperatures down to 425°C. This clearly shows a relationship between material thickness and the maximum temperature for which the material can be annealed in order to become conductive and remain specular. To demonstrate this further, another sample with just a 500 Å epilayer was annealed, however, this material became discolored and was nonconductive at all anneal temperatures attempted, which ranged down to 350°C.
As mentioned earlier, for samples annealed at temperatures at and above 350°C, some dark spots were visible under a microscope. In contrast, the surface of the as-grown polycrystal sample was very clear of any such defects under SEM. EDX on these spots indicates that these are areas in which the As level is lower then the surrounding area. In many cases, these spots may be in fact Ga rich with compositions as high as Ga 0.8 As 0.2 . These As-depleted spots appear to increase in size and density as either annealing time or temperature is increased. However, the formation of these spots appears to be more sensitive to the duration of the anneal. Figure 6 contains Nomarski photographs of spot formation for 1 m of ␣-͑Ga,As͒ after various anneals. Again, Fig. 6͑b͒ represents a sample that was simply heated to 400°C and immediately ramped down with zero duration of annealing at 400°C. At longer anneal times of 1 h and 2 h as seen in Figs. 6͑e͒ and 6͑f͒ , some spots grow to be very large and are even noticeable without the use of a microscope. However, it is unlikely that the conduction witnessed is from the As-depleted areas themselves, since the spots are generally not connected and conduction has been seen in samples with little or no spot formation.
IV. DISCUSSIONS
The ␣-͑Ga,As͒ used for this study has an extremely large amount of excess As and this As is likely to be the cause of the high conduction witnessed in this material upon annealing. Two possible models of conduction are considered. One model is that of conduction across GaAs grains. Barriers of conduction will exist along grain boundaries, but if the GaAs regions are not greatly depleted and the doping within the GaAs grains is very high, tunneling through the thin barriers may be possible. Theoretical p-type doping in the GaAs grains is possible with Ga vacancies (V Ga ) and As interstitials (As i ). The presence of such defects may be noticeable by changes in the lattice constant. The lattice constant of polycrystalline grains can be measured by x-ray diffractometry.
In this experiment, x-ray diffraction was measured on a sample annealed at 400°C for 15 min. After optimizing the diffraction settings, a measurement was taken to find the exact location of the substrate peak. These data were used to calculate the exact lattice constant of the ͓100͔ GaAs substrate. Next, a measurement was taken for an angle range in the vicinity of the ͓111͔ diffraction peak. This gave a diffraction peak for all grains in the ͓111͔ orientation. These data were then used to calculate the lattice constant of the ͓111͔ grains. A slight lattice enlargement was seen for these grains ͑0.067%͒ as compared to the substrate lattice constant. This is likely due to incorporation of excess As into the grains.
V Ga defects act as deep-level acceptors (E v ϩϳ0.3eV͒ ͑Ref. 22͒ and should result in lattice shrinkage rather then enlargement so it is not likely that this is the cause of the conduction demonstrated. The presence of As interstitials FIG. 5 . Resistivity vs annealing temperature for samples of thicknesses of 200 nm, 600 nm, and 1000 nm. The resistivity is found to be slightly lower in samples with thinner layers of ␣-͑Ga,As͒. The 200 nm material is no longer conductive after annealing at 425°C and the 600 nm material has the same property after annealing at 450°C. This indicates that the thickness of the material affects the maximum temperature for which the material can be annealed to become conductive.
FIG. 6. Nomarski images of 1 m ␣-͑Ga,As͒ with ͑a͒ no anneal and ͑b͒ 0 time, ͑c͒ 15 min, ͑d͒ 30 min, ͑e͒ 1 h, and ͑f͒ 2 h anneals at 400°C. Small spots on the surface were found to be As-depleted by EDX. Spots increase in density and size as the annealing duration is increased.
should cause more lattice enlargement than that seen for As antisites (As Ga ), however, the lattice enlargement measured herein is less than that reported by other groups for nonstoichiometric single crystal GaAs with As Ga defects. 18 Earlier reports of nonstoichiometric GaAs have shown that excess As will preferentially lead to As Ga defects which act as deeplevel donors. 23 Therefore, the most likely scenario is that the lattice enlargement that has been measured is due to As Ga defects and that the GaAs grains are n type. In addition, the conductivity measured is similar to what is expected for single crystal material given the same doping conditions. However, other groups have demonstrated that polycrystalline material will have a much higher resistivity than equivalent single crystal material. 15 Taking these factors into consideration, it appears the high conduction demonstrated is not due to conduction across the GaAs grains.
Another conduction model consists of conduction through the excess As between the GaAs grains. Rhombohedral As was very clearly identified by x-ray diffraction. Arsenic in this form is a semimetal that is p type in nature with a natural hole concentration of approximately 1.4 ϫ10 21 cm Ϫ3 and has a conductivity of 33.3 ⍀ cm at 20°C. 24 -26 It can be assumed that when GaAs grains form they are near stoichiometric thus leaving behind As. As more GaAs grains form or as grains grow larger, the leftover material will become increasingly pure As and form a network of conduction around the GaAs grains that are not completely close packed. The measured resistivity of the layer will be much higher than that of pure bulk As because of the very narrow As conduction path surrounding dispersed GaAs grains and the presence of grain boundaries in the polycrystalline As network itself. Eventually, all the Ga will be used up by the formation of GaAs grains. After the As network and the GaAs grains are fully formed, the material will have little change in structure until it is heated to a temperature at which As starts to diffuse out of the sample. Once the As loss occurs, the As network falters and the material begins to fall apart due to the large volume change. The remaining material is cracked, weak, and nonconductive.
V. CONCLUSIONS
␣-͑Ga,As͒ was grown and annealed under various conditions at temperatures ranging from 300 to 500°C in a closed system under an atmospheric pressure of N 2 . The original composition of the ␣-͑Ga,As͒ layer was Ga 0.32 As 0.68 . When this material is annealed at temperatures above 300°C, the material appears to be polycrystalline. A variety of annealing conditions have been demonstrated in which this material becomes highly conductive upon annealing. These conditions include a minimum annealing temperature of about 388°C and appear to be relatively time independent. However, at temperatures of 450°C and higher, it appears As will begin to diffuse out of the sample. With the As loss, the material becomes highly resistive and begins to fall apart due to volume loss. The conduction of material annealed at temperatures in the vicinity of 400°C is believed to be the result of excess As acting as a semimetal forming a continuous network between GaAs grains.
